Introduction
In recent years there has been extensive research in self−as− sembled growth of defect free InAs−GaAs quantum dots (QDs) by Stranski−Krastanov (SK) mode. These QDs show unique electronic and optical properties which can be useful in various optoelectronic devices. Multilayer coupled quan− tum dots (MQDs) have higher spatial uniformity due to ver− tical ordering, which results in a narrower linewidth [1] . The strain field of the initial seed layer penetrates through the spacer layer and causes the subsequent dot layers to be verti− cally aligned. Electronic coupling in such a quantum dot superlattice leads to the formation of an intermediate band which can potentially improve the spectral response of solar cells [2] . MQDs are also useful in enhancing the perfor− mance characteristics of GaAs based quantum dot lasers [3] . However, typically, the emission wavelength of InAs/GaAs QDs (about 900 nm to 1100 nm) is shorter than the wave− lengths required in communication devices [1, [4] [5] [6] . In order to tune the emission wavelength to longer wavelengths, the size of QDs has to be increased. The size and hence emis− sion wavelength can be tuned by changing the growth con− ditions [7] . It has been shown that an increase in the InAs monolayer coverage leads to larger dots [8] . But increasing the monolayer coverage beyond 3 ML leads to other prob− lems such as coalescing of islands causing large non−unifor− mities in dot size [9] . Another method which has been shown to increase the size of dots is to grow them at a slow deposition rate. However, this also leads to a lower dot den− sity [10] . A high dot density and hence a higher active volume is critical to obtain high efficiency in optoelectronic devices.
We investigate an alternative approach to obtain large dots while growing at a fast deposition rate but still maintain− ing a low defect density. This is achieved by adding a combi− nation of In 0.21 Al 0.21 Ga 0.58 As quaternary capping layer and high temperature grown GaAs capping layer. Selective mi− gration of In atoms from the InAlGaAs capping layer to the dots effectively increasing monolayer coverage [11] , so that the emission spectra can be pushed towards longer wave− lengths. We have investigated the effect of thickness of qua− ternary capping layer on the morphology and photolumines− cence properties of InAs quantum dots (QDs).
Experimental studies

Growth of quantum dot samples
All samples were grown on a semi−insulating GaAs d wafer by solid source molecular beam epitaxy and consist of 10 layers of embedded dots as shown in Fig. 1 . First, a 0.4−μm GaAs buffer layer was grown at 590°C. Then, the substrate temperature was gradually reduced to 520°C with the growth of 1000 intrinsic GaAs. Following this, 2.7 ML InAs QDs were grown at a deposition rate of 0.2 ML/s. The dots were capped by combination of quaternary In 0.21 Al 0.21 Ga 0.58 As layer grown at 520 o C and GaAs layer grown at higher temperature (590 o C). Composition of the InAlGaAs layer is chosen in such a way that it has the same band gap energy as that of GaAs. This step is repeated ten times to Table 1 . A final layer of un− capped QDs was also grown on the surface of the hetero− structure samples for AFM measurements. 
Measurement details
The atomic force microscopy (AFM) images were taken by Digital Instruments Nanoscope IV (Multimode) Scanning Probe Microscopy. Scanning transmission electron micros− copy (STEM) were carried out on the sample using a JEOL JEM 2500 SE microscope operating at 250 kV. Photolumi− nescence (PL) measurements were performed in a closed cycle He cryostat operating at 11 K using the 532−nm line of a He−Ne laser.
Results and discussion
The TEM images of samples A, B, and C are shown in Fig. 2 . Comparing Figs. 2(a) and 2(b) we can observe that the number of complete stacks has decreased drastically in sample B. In the incomplete stacks, dot formation is seen up to four or five layers. The density of threading dislocations in sample B is also higher. Maximov et al. [11] showed that when InAs QDs are capped by an InAlGaAs alloy layer, ac− tivated alloy phase separation (AAPS) leads to strain driven migration of indium atoms from the capping layer to the dots which causes an increase in width and height of the InAs QDs. Indium concentration in the QDs increases caus− ing a local compositional deviation of group III atoms in the phase separated InAlGaAs alloy [12, 13] . This causes the growth front for subsequent QD layers to become uneven. The stoppage of QD growth in sample B can be explained by the presence of an uneven growth front. If we compare the TEM image of sample B with sample C [ Fig. 2(c) ], we can observe that sample C shows very uniform stacking and scarce dislocations. The absence of dislocations in sample C can be explained by the presence of a thicker GaAs layer overgrown on InAlGaAs. This GaAs layer is grown at an ele− vated temperature (590 o C), and is called a high growth tem− perature spacer layer (HGTSL). At this temperature, gal− lium adatoms have a high mobility which leads to plana− rising the growth front for subsequent layers [3, 14] . It has been shown that a GaAs HGTSL can planarise QD growth front only if its thickness is greater than a critical limit [15, 16] . This leads to a large reduction in the threading dislocations.
In both samples A and B we can observe a low dot den− sity in AFM images (Fig. 3) order of 100 nm. These large dots are formed wherever the threading dislocations reached the surface as shown in the TEM image of Fig. 4 . It seems that most of the InAs depos− ited on the surface tends to nucleate at these dislocation sites. In the AFM image of sample C [ Fig. 3(c) ], the large dots which appear on the surface in A and B are absent, which indicates that propagation of threading dislocations does not take place in these samples. Hence, the final un− capped QDs in sample C nucleate randomly on a smooth growth front giving a higher dot density on the surface. The photoluminescence spectrum of these samples is compared in Fig. 5 . The inset in Fig. 5 shows the integrated PL intensity versus sample number. If we compare samples A and B, there are two interesting observations. Firstly, it can be seen that the ground state emission peak in sample B (1.028 eV) is red−shifted as compared to sample A (1.074 eV). We can conclude from this that the dots in sample B are larger and hence emit at lower energies. Secondly, two peaks are distinctly visible in sample B, corresponding to ground state and 1 st excited state emission indicating good optical quality of the dots. However, the integrated PL in− tensity is higher in sample A than in sample B. These results can be explained by the following picture. As reported by Maximov et al. [11] , since in sample B the InAs QDs are buried under a thicker InAlGaAs layer (30 ), more In at− oms can migrate to the QDs which leads to the formation of larger QDs. But because of the presence of more defects in sample B, as a result of uneven growth front discussed ear− lier in this paper, the overall optical quality of the sample degrades, which leads to a decrease in the integrated PL in− tensity. Furthermore, the comparatively larger dots may have induced strain in the sample, degrading the structural quality which affects the emission from the sample.
A comparison of the PL spectra of sample B and C shows that the ground state emission peak of both samples is formed at the same wavelength. The first excited peak is seen only as a shoulder for sample C. However, the inte− grated PL intensity is higher for sample C, which clearly shows that the overall optical quality of this sample is better. A small peak at lower energy attached to the ground state emission peak is also seen in the PL spectrum of sample C, possibly because of formation of larger QDs by merging of smaller dots. In both samples B and C, the quaternary cap− ping layer thickness is equal. However, the absence of de− Opto−Electron. Rev., 18, no. 3, 2010 © 2010 SEP, Warsaw fects in sample C causes its integrated PL intensity to in− crease. Also, the linewidth in sample C is larger (55.3 meV) than the linewidth in sample A (23.7 meV) and sample B (20.8 meV). This can be explained by the larger size distri− bution as we go from the bottom layer to top layer in sample C. In samples A and B, there are fewer complete stacks and hence presumably the size variation between dots in differ− ent layers is lower. The QDs vary in size from 20 nm to 30 nm in sample B, while in sample C the sizes vary from 25 nm to 42 nm. We can conclude that to achieve the re− quired red−shift in emission wavelength by adding a quater− nary capping layer, we also have to increase the thickness of the high temperature grown GaAs spacer to maintain a low defect density so that the optical quality does not degrade.
Conclusions
We have shown that for multilayer coupled quantum dots grown at a relatively high growth rate, on increasing the thickness of the InAlGaAs alloy layer, we can increase the size of InAs/GaAs QDs, and thus tune the emission wave− length towards the 1.3 to 1.55 μm region, which is important for communication devices. However, this also increases the defect density, degrading the overall optical quality of the device. This can be overcome by increasing the GaAs spacer layer thickness, so that it can accommodate the strain arising from large dots. In this way, we can obtain the de− sired red−shift in emission wavelength, while maintaining a low defect density.
